MODERN CPR manuals' and ancient occidental and oriental medical dissertations2 document that a myriad of methods and approaches have been advocated and used for resuscitation of apparently dead humans. Nearly all of these methods or approaches have one element in common: the physical, cyclical manipulation of force to the body. Some involve direct periodic rapid manipulation of the chest wall or attempts to provide cyclical ventilation or insufflation of air into the chest or the abdomen. One method placed the subject on a galloping horse. With another, cyclical compression of the posterior thorax (the Shaeffer prone method3) was performed. The Bible describes an infant revived4 by an adult lying on the infant while blowing into the mouth. Until recently there was no recognition that all of these techniques and approaches likely involved cyclical fluctuations of intrapulmonary or intrathoracic pressure. For example, in the era of the 1930s to 1950s, the notion behind the Schaeffer method was that it supplied "artificial ventilation." There was recognition by only a few5 that this method may in fact provide rather effective artificial circulation of blood to the brain and the heart as well.
Nearly lost in the medical literature were observations by Crile tion that as long as a patient began to cough before unconsciousness appeared, the patient would not lose consciousness if coughing continued at a rate of 40 to 60 times per minute. Consistent with the prevailing thoughts in 1976, it was suggested that blood flow resulted from direct compression of the heart by the thoracic wall or other structures during the cough maneuver. Later, Niemann et al.9 performed a series of elegant cineangiographic and hemodynamic studies in dogs and demonstrated that movement of blood during the cough was most likely a reflection of the rise and fall of intrathoracic pressure. This maneuver, the cough, was shown to be extremely efficient at producing cyclical fluctuations in intrathoracic pressure and vascular pressures. 10 Clearly, in man, during ventricular fibrillation or asystole, sufficient brain blood flow was produced by the cough to maintain the conscious state.
In 1960, the era of modern CPR was begun by Kouwenhoven et al. Demonstration of electrical defibrillation made the rationale for an effective means of maintaining circulation and ventilation to the brain a most important issue. The demonstration that sternal compression in the dog and man could maintain brain and heart viability after cardiac arrest served as a springboard to the development of modern CPR. The technique was shown to be of clear benefit in hospitalized patients who were the victims of reversible medical problems causing cardiac arrest. 12 With such demonstrated efficacy, the suggestion from anatomic considerations that sternal compression resulted in direct compression of the heart between the sternum and the vertebral column, in similar fashion to internal cardiac "massage," was not surprising. This thinking was not shaken even when a series of investigations performed in the 1960s documented no intrathoracic arterial-venous pressure gradient across the heart during external chest compression in dogs'3 and showed 443 very high right atrial pressures during external chest compression in man. " Clearly, if direct cardiac compression were responsible for movement of blood, there should be, as there is with the normal heart beat, a generated arterial-venous pressure gradient. Arterial pressure would have to exceed venous pressure to provide the necessary peripheral and coronary perfusion pressures.
The idea that external chest compression resulted in movement of blood through direct cardiac compression became so uniformly accepted that the name of the technique itself, "external cardiac massage," was a description of this presumptive mechanism.
Challenge to this notion of movement of blood through external cardiac massage was a byproduct of a series of observations in man that seemed inconsistent with such a mechanism. We observed two patients who had traumatically flail sternums and who subsequently suffered cardiac arrest. We could generate no measurable arterial blood pressure fluctuations or forward carotid blood flow velocity (measured through Doppler techniques) by performing conventional CPR. We were able to show in these two subjects that if the chest wall was bound to prevent the paradoxical expansion of the rest of the chest, a measurable arterial blood pressure fluctuation with each compression did occur.'5 Were external cardiac massage the correct mechanism, one would have thought a patient with a flail sternum would be ideally suited for direct cardiac compression producing excellent hemodynamics. However, binding the chest during sternal displacement would allow intrathoracic pressure to rise. This suggested that blood flow resulted somehow from a rise in intrathoracic pressure and not from direct cardiac compression.
In addition, we observed that the compression cycle after ventilation was the cycle that produced the greatest pressure elevation and the greatest carotid blood flow velocity.'5 Extending these observations, we were able to show that ventilations made synchronous with chest compression successfully augmented mean arterial blood pressure and carotid flow velocity in man. 16 Similar observations have now been made by a number of investigative groups during conventional sternal displacement CPR and during CPR with simultaneous chest compression and ventilation to augment intrathoracic pressure elevation. [17] [18] In 1977, Taylor et al. 19 had demonstrated in man that higher mean arterial pressure and Doppler-estimated carotid arterial blood flow velocity was achieved by longer (50% to 60% of the cycle) rather than shorter (30%) duration of chest compression at constant maxi-mum chest compression force and compression rate. In this study, a mechanical chest compression device was used to control these variables precisely. It was found that the optimum compression duration at any rate was 50% to 60% of the cycle time. Very little difference in mean pressure or estimated flow occurred with changes in rate between 40 and 80 cycles per minute as long as compression duration was maintained at 50% to 60% of cycle time and maximum compression force was maintained constant. Because there was no reason to believe that venous return was limited in the circumstance of cardiac arrest, one would have hypothesized, based on the cardiac compression mechanism, that increases in cardiac compression rate would increase blood flow as long as the extent of cardiac compression remained constant. Stroke volume should be a function of chest compression force, and an increased rate would cause more stroke volumes per unit time to be pumped into the arterial bed. Prolonging compression beyond that necessary for maximum sternal displacement would have no effect, because the entire stroke volume would be ejected as soon as maximum cardiac compression occurred. Later studies in man confirmed that there was no significant further sternal displacement with prolonged periods of constant chest compression force from 30% to 50% of cycle time. 20 The notion that prolonged compression duration was essential to optimizing flow would suggest that flow is a function of the maintained head of pressure, much as a pressure-cycled ventilator has flow into the lung dependent on cycle duration. Air flow from the ventilator continues as long as the compliance of the chest wall does not limit air entry into the lungs, in an analogous fashion to CPR where blood flow continues as long as the venous capacitance bed is not filled with blood as compression duration is prolonged. As we will discuss below, more definitive studies of these issues show quite clearly that the intrathoracic pressure hypothesis for movement of blood during conventional CPR explains the greater blood flow and efficacy of conventional CPR performed at prolonged or optimal compression durations of 50% to 60% of the cycle time. In comparative studies of internal cardiac massage, however, we have been able to show that flow to the brain and the heart are directly proportional to compression rate as long as compression duration is sufficient to complete manual compression of the heart. 2 There are four types of direct evidence that flow is attributable to the rise in intrathoracic pressure. First, there is a very close correlation between the change in all intrathoracic vascular pressures and estimates of the 444 CIRCULATION PERSPECTIVE change in intrathoracic pressure. 22 Investigators do not agree on the best or correct way to index intrathoracic pressure, so a number of approaches have been employed. By inference, then, a rise in intrathoracic pressure leads to a similar rise in aortic and central venous pressures. Second, manipulation of airway pressure (and thereby direct manipulation of intrathoracic pressure) was shown to change intrathoracic vascular pressures similarly and to change blood flow.23 For example, during conventional CPR, an increase in airway pressure increased aortic pressure by a similar amount and increased blood flow to the brain. A decrease in airway pressure decreased blood flow. Third, angiograms show that aortic size decreases during chest compression rather than increasing as one would expect if blood flow occurred as a result of direct heart compression.9 Direct heart compression should drive blood from the left ventricle into the aorta, leading to distention, not collapse, of the aorta. Finally, as mentioned above, the magnitude of brain and myocardial flow depends on compression duration rather than on compression rate during manual chest compression CPR in the dog.21 Studies of cardiac compression by internal massage, however, show rate dependence of flow.2' Based on modeling approaches, direct dependence of flow on compression rate would suggest direct cardiac compression, whereas dependence of flow on the duration of compression suggests that the rise of intrathoracic pressure is the important factor in forward blood flow.21 To provide additional and coordinated support of all of the above, we have recently studied a pure intrathoracic pressure system in which direct cardiac compression is impossible. An inflatable vest was placed around the thorax of dogs and inflated synchronously with ventilation. Sternal position was measured and found to remain essentially unchanged during cycles of high intrathoracic pressure (80 to 160 mm Hg) produced by inflation of the vest and simultaneous ventilation at varying rates and durations. In this system, all intrathoracic vascular pressures changed similarly; there was substantial brain and myocardial blood flow, the same as manual CPR at the same rate and duration per cycle (figure 1), and flow was dependent on compression duration per cycle not compression ratefindings similar to our results with conventional CPR. 21, 27 Thus sternal compression induces a rise in intrathoracic pressure that is immediately transmitted to all intrathoracic vascular structures. What leads to blood flow to the brain after this rise in vascular pressure is the transmission of the intrathoracic arterial pressure to the arteries outside of the chest and the failure of transmission of intrathoracic venous pressure to the extrathoracic veins. The critical element in the venous circulation is the anatomic closure of the venous valves at the thoracic inlet, which prevents retrograde flow of blood from the intrathoracic veins to the extrathoracic jugular veins.9,28 If the venous valves at the thoracic inlet become incompetent, then the series of valves present in venous structures leading from the brain are competent and prevent retrograde flow and pressure transmission. The abdominal veins lack valves; there-FIGURE 1. Myocardial and brain blood flow in anesthetized dogs before ventricular fibrillation and during two forms of CPR. In the center, bars represent flows for manual chest compression at a rate of 150 per minute and a compression duration of approximately 50% of each cycle. To the right, bars represent flows for CPR performed by vest inflation and simultaneous ventilation in which measurements showed no sternal movement and therefore no possibility of direct cardiac compression. The cyclic changes in right atrial pressure (as an index of pleural pressure changes) were the same for the two forms of CPR. Brain and myocardial flows are the same for CPR performed with and without sternal displace- fore, there is little flow during CPR to the kidneys, liver, or intestines. Arterial resistance to collapse at the thoracic inlet in the neck maintains full transmission of intrathoracic aortic pressure to the extrathoracic carotid artery. The resistance of these arteries to collapse is a result of intrinsic arterial tone and physiologic and pharmacologic vasoconstrictive influences during cardiac arrest. 29 The mechanism of augmentation of brain and myocardial blood flow by epinephrine during CPR is through peripheral vasoconstriction of other arterial beds and stiffening of the arteries so that collapse is resisted despite high intrathoracic surrounding pressures.17 29 Over the years since this mechanism for movement of blood during conventional CPR was proposed, a series of challenges have been raised. The first of these challenges was that the dog is not a good model of man. 30 We and others have studied the mechanism of movement of blood in other species and found that hemodynamics with chest compression are the same in baboons, pigs, and large dogs.23 In baboons with chest compression alone, the rise in intrathoracic pressure is equal to the rise in vascular pressures.23 As airway pressure is increased, all vascular pressures as well as intrathoracic pressure increase, and carotid blood flow increases proportionately.
The second challenge to this concept was evidence that heart compression did occur in small dogs. We have found evidence that agrees with these observations of Babbs et al. 30 Direct cardiac compression in small dogs, however, requires severe chest trauma and likely provides a poor model for most, but perhaps not all, humans. There may well be some individuals with large hearts and particularly flexible chest walls in whom direct cardiac compression occurs. The third challenge to these concepts was the observation that if open chest tubes were placed in the pleural space, flow did not stop.3' It was hypothesized that intrathoracic pressure would be vented by open chest tubes. We demonstated, however, that intrathoracic pressure does rise even with chest tubes open, once the air leaves the thorax via the chest tubes.32 The tubes are sealed by the pleura.
More recently, Rankin and associates at Duke University have challenged these concepts from a number of points of view. The first is that in chronically instrumented dogs, certain left ventricular dimensions decrease during chest compression, suggesting that there is direct left ventricular compression leading to forward blood flow. But, as shown in figures 7 and 9 of their article,33 although one dimension does show a decrease with manual chest compression_ other left ventricular dimensions show an increase. It is unclear whether there is, in fact, a change in total left ventricular volume in these chronically instrumented dogs. A more serious challenge from this work is that peak pleural pressure is lower than the peak aortic pressure.
As emphasized earlier, our own statement has been that it is the change in intrathoracic pressure that relates directly and mathematically to the change in vascular pressure, not the peak values for these pressures.
If the vascular structures are filled with blood so that even with the heart arrested the mean systemic pressure is high (e.g., 30 mm Hg), one would expect a rise in pleural pressure of 30 mm Hg to lead to a peak aortic pressure of 60 mm Hg. Thus the change in aortic pressure and the change in intrathoracic pressure would be the same (30 mm Hg) but peak pressures would be different by 30 mm Hg. Such high aortic diastolic pressures were characteristic of the dogs studied by Maier et al. 3 If one takes the aortic and pleural pressure tracings and superimposes them for figures 4 and 7,33 one sees similar changes in pressure. Thus it is a fact that some of the dogs in this previous study showed the same rise in pleural and aortic pressure, which is similar to our data. By the same argument, if aortic diastolic pressure is greater than left ventricular diastolic pressure, we would expect that peak aortic pressure would be greater than peak left ventricular pressure; that is, the changes in these pressures would be equal. This is not seen, however, because run-off of arterial blood will cause rapid equilibration of peak aortic and left ventricular pressures.
Maier and associates used a chronic indwelling system to measure pleural pressure. This system may, in some of their animals, have been recording a pressure in a space that was protected from the general intrathoracic space because of chronic adhesions around the pleural measuring device. In addition, there is concern that some of their dogs may in fact have shown more cardiac compression than dogs in the natural state because chronic fibrosis and instrumentation may restrict heart movement during chest displacement.
Maier and associates claim that faster compression rates increase blood flow.33 As stated above, this conclusion appears not to be correct when compression duration is also considered as an independent determinant of flow. In our laboratory ( time. With radioactive microspheres for measurement of brain and myocardial blood flow, there was no increase in cerebral or myocardial blood flow between a rate of 60 and 150 per minute as long as compression duration and compression force were maintained constant (figure 2). 21 In contrast, as we found in 1977,19 when compression force and compression rate are maintained constant at 60 per minute but compression duration is increased from 15% to 45% of cycle time, there is marked increase in both cerebral and myocardial blood flow. With long rather than short compression duration, brain blood flow was 75% higher and myocardial blood flow was 40% higher in dogs, as measured by radioactive microspheres (figure 2). 21 We believe that rate appeared important based on the fact that compression duration and perhaps force were not controlled during these experiments. From the figures, the time of compression at each rate appears nearly constant,33 so that at higher rates compression occurred for an increased percentage of the cycle. Optimal cardiac output occurred at a rate of 120 per minute, where it appears that compression was approximately 50% of the cycle. 33 34 Since Maier and associates did not measure compression force, it may well be that some of the increase in flow reflects an increase related to greater compression force at faster rates. Again, some rate dependence of flow may occur since some small dogs do show evidence of direct compression. Adhesions in chronically instrumented dogs might also have increased the likelihood of direct compression.
Our studies thus have shown consistently that blood flow to vital organs, i.e., the brain and the heart, depend remarkably on proper compression duration. Blood flow to these vital organs is insensitive to com-Vol. 74, No. 3, September 1986 FIGURE 2. Myocardial and brain blood flow for dogs resuscitated with manual CPR at varying rates and durations. On the left is flow after anesthesia and before ventricular fibrillation. Peak compression force was the same for all modes. Manual CPR at a rate of 60 per minute with short duration (15% of cycle time) resulted in significantly lower flow than either manual CPR at a rate of 60 per minute and longer duration (50% of cycle time) or manual CPR at a rate of 150 per minute with a duration of 50% of cycle time. The absolute time of compression at 60 per minute/15% duration and 150 per minute/50% duration are similar. Thus if short compression times are used, a rate of 150 per minute is better than a rate of 60 per minute, but equal flows occur at 60 per minute with optimal compression duration of 50% of cycle time. At any compression rate, flow is optimized by a compression duration of approximatley 50% of cycle time. *p < .02 vs manual CPR rate, 60 per minute/duration 15%. pression rate. Consistent with these observations, hemodynamics of chest compression are those of a pressure pump, where blood flow is caused by the rise in intrathoracic pressure rather than by direct cardiac compression.
Our conclusion with regard to the CPR standards35 is that there is an overemphasis on the proper compression rate. The standards have too little emphasis on proper compression duration. We suspect that the optimal rate for CPR instruction may well be that rate that most easily brings compression duration to 50% of the cycle time, thereby optimizing blood flow by intrathoracic pressure changes. This rate is likely 80 to 90 compressions per minute. At this rate, natural body movement during compression and release of the thorax brings duration near 50%. At rates of 60 per minute one must pause at maximum sternal displacement to achieve 50% duration. Such a pause is difficult to master and tiring. The faster rate would also increase flow in those humans in whom direct cardiac compression occurs. Finally, the importance of administration of a peripheral vasoconstrictor (currently epinephnne) is now clearly understood in terms of the ability of the drug to prevent carotid collapse,'7' 29 which permits available flow to be channeled to the brain and myocardium.'7
